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Calcium- and Dynamin-Independent
Endocytosis in Dorsal Root Ganglion Neurons
Wu and Betz, 1996; Gandhi and Stevens, 2003; Aravanis
et al., 2003). In retinal bipolar terminals and biochemi-
cally isolated synaptosomes, however, intracellular Ca2
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Shanghai Institutes for Biological Sciences has been shown to inhibit endocytosis (Cousin and Rob-
Chinese Academy of Sciences inson, 2000; von Gersdorff and Matthews, 1994). Despite
Shanghai 200031 extensive analyses using more sophisticated tech-
China niques, how Ca2 regulates endocytosis remains to be
2 Section on Neural Development and Plasticity established (Chan et al., 2003; Sun et al., 2002a).
The National Institute of Child Health The GTPase dynamin is thought to be another key
and Human Development factor for endocytosis. Substantial evidence indicates
National Institutes of Health that dynamin is required for synaptic vesicle recycling
Bethesda, Maryland 20892 (De Camilli and Takei, 1996; Koenig and Ikeda, 1989).
Dynamin is involved in endocytosis in a number of other
cellular contexts. Constitutive endocytosis, such as that
Summary detected by fluorescence-labeled dextran or horserad-
ish peroxidase, is almost absent in neurons of dynamin
Synaptic vesicle endocytosis is believed to require cal- (shibirets) mutant flies (Damke et al., 1995; Koenig et
cium and the GTPase dynamin. We now report a form al., 1983). Receptor-mediated endocytosis, such as the
of rapid endocytosis (RE) in dorsal root ganglion (DRG) uptake of transferrin (Herskovits et al., 1993) and inter-
neurons that, unlike previously described forms of en- nalization of growth factor receptors (Vieira et al., 1996),
docytosis, is independent of calcium and dynamin. is dependent on dynamin. Recent studies suggest that
The RE is tightly coupled to calcium-independent but dynamin also mediates the endocytosis of AMPA-type
voltage-dependent secretion (CIVDS). Using FM dye glutamate receptors, leading to long-term depression
and capacitance measurements, we show that mem- (LTD) of synaptic efficacy in the hippocampus and cere-
brane depolarization induces RE in the absence of bellum (Man et al., 2000; Wang and Linden, 2000). In all
calcium. Inhibition of dynamin function does not af- these cases, dynamin functions at a key step: fission
fect RE. The magnitude of RE is proportional to that of endocytotic vesicles. Can endocytosis occur in the
of preceding CIVDS and stimulation frequency. In- absence of dynamin? It is interesting to note that the
hibitors of protein kinase A (PKA) suppress RE induced endocytotic process in these cases is relatively slow
by high-frequency depolarization, while PKA activa- ( is tens of seconds or even minutes). It is unclear
tors enhance RE induced by low-frequency depolar- whether dynamin functions in rapid endocytosis, such
ization. Biochemical experiments demonstrate that as the “kiss-and-run” that occurs at synapses.
depolarization directly upregulates PKA activity in cal- Two major hurdles are associated with previous stud-
cium-free medium. These results reveal a calcium-
ies of synaptic vesicle endocytosis. One is that the endo-
and dynamin-independent form of endocytosis, which
cytosis was often measured after intense, nonphysio-
is controlled by neuronal activity and PKA-dependent
logical stimulation, such as depolarization by high Kphosphorylation, in DRG neurons.
or prolonged repetitive stimulation. The other is that
synaptic endocytosis is tightly coupled to exocytosis,
Introduction which is in almost all cases dependent on Ca2. We
have recently reported a Ca2-independent but voltage-
Endocytosis is important for terminating intercellular
dependent secretion (CIVDS) in DRG neurons (Zhang
signaling and maintaining the balance of cell surface
and Zhou, 2002). In the absence of intracellular and
membrane. In neurons, retrieval of plasma membrane
extracellular Ca2, a step membrane depolarization trig-
through endocytosis is a critical step in synaptic vesicle
gers a fast capacitance jump, indicating vesicle exo-recycling and is known to follow stimulated exocytosis.
cytosis. In the present study, we took advantage of theIt is generally believed that vesicle endocytosis is regu-
Ca2-independent exocytosis induced by relatively mildlated by Ca2 (Ceccarelli and Hurlbut, 1980; Ramaswami
stimulation and investigated membrane retrieval imme-et al., 1994). Capacitance measurements indicate that
diately after CIVDS. Using membrane capacitance andendocytosis requires intracellular Ca2 in chromaffin and
FM fluorescence imaging measurements, we demon-pituitary cells (Artalejo et al., 1995; Thomas et al., 1994).
strated that endocytosis can occur rapidly after CIVDSExperiments using FM dye and synapto-pHluorin dem-
in the complete absence of Ca2. Remarkably, this rapidonstrate that Ca2 facilitates endocytosis in hippocam-
endocytosis (RE) is completely independent of dynamin.pal synapses and at the neuromuscular junction (Klin-
Further studies indicated that RE is proportional to thegauf et al., 1998; Sankaranarayanan and Ryan, 2001;
frequency of neuronal activity and is regulated by
PKA. Thus, this form of calcium- and dynamin-indepen-
*Correspondence: zzhou@ion.ac.cn
dent endocytosis may contribute to synaptic vesicle3 These authors contributed equally to this work.
recycling induced by physiological stimulation in DRG4 Present address: Institute of Molecular Medicine, Peking Univer-
sity, Beijing 100871, China. neurons.
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Figure 1. CIVDS Observed Using FM Dye De-
staining
(A) Images of a rat DRG neuron after FM2-10
loading (see Experimental Procedures). Up-
per: a single optical section (2.5 m thick) of
a FM-loaded DRG neuron. Lower: projection
of 20 consecutive optical sections from the
same neuron. The FM2-10-labeled fluores-
cent spots lay beneath the membrane
surface.
(B) Destaining of a single fluorescent spot
by field stimulation (10 Hz, 10 s) in Ca2-free
medium. The change of fluorescence inten-
sity was normalized to the spot intensity be-
fore stimulation. Sample images were taken
at times indicated by arrows. The spot fluo-
rescence fit straight lines before and during
the stimulation.
(C) Upper: representative destaining curves
of six fluorescent spots induced by field stim-
ulation. Lower: averaged curve (black) from
192 spots in 40 cells from 5 preparations. The
control curve (green) was from 124 unstimu-
lated spots, indicating that photobleaching
was minor.
(D) Distributions of the diameters (upper) and
intensities (lower) of the fluorescent spots
(n  243, 14 cells).
(E) Distribution of dye destaining events. Flu-
orescent spots with similar magnitudes of de-
staining (% decrease in fluorescence inten-
sity) were binned and presented as a
histogram (n  192, 40 cells).
Results from six individual spots, as well as an assembled
curve averaged from 192 spots (lower panel). Quantita-
tive analysis indicated that most spots destained ap-Ca2-Independent and CIVDS-Coupled RE
FM dye was used to study vesicle exocytosis and endo- proximately 10%–20% (Figure 1E). These results further
support the existence of Ca2-independent and voltage-cytosis in DRG neurons. Using a modified FM loading
protocol similar to that employed in measuring vesicle dependent secretion (CIVDS), which we reported pre-
viously using capacitance and amperometric measure-release (Angleson et al., 1999; Wang et al., 2002), we
loaded DRG neurons with FM2-10 (100 M) by high-K- ments (Zhang and Zhou, 2002).
To directly study the effects of extracellular Ca2 oninduced depolarization (80 mM, 3 min) in the presence
of 2.5 mM extracellular Ca2. Bright and discrete fluores- vesicle endocytosis, we loaded FM dye into neurons by
high-K-induced depolarization, in medium containingcent spots appeared beneath the plasma membrane
after loading (Figure 1A), presumably due to FM dye either 2.5 or 0 mM (with 1 mM EGTA) Ca2 ([Ca2]o).
Surprisingly, FM dye labeling after high-K treatment inuptake through endocytosis following exocytosis
(Angleson et al., 1999). The fluorescent spots had an Ca2-free medium was as good as that in Ca2-con-
taining medium (Figures 2A and 2B). To better study theaverage diameter of 0.88 0.27 m (Figure 1D). In Ca2-
free medium, a train of field stimulation (10 Hz, 10 s) kinetics of the Ca2-independent rapid endocytosis, we
used membrane capacitance (Cm) measurements (Zhanginduced a gradual decrease in the intensity of an individ-
ual fluorescent spot over time (Figure 1B). Figure 1C and Zhou, 2002). In the Ca2-free and FM2-10-con-
taining medium, DRG neurons showed a depolarization-shows representative traces (upper panel) recorded
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Figure 2. Ca2-Indpendent CIVDS-Coupled
Endocytosis
(A) Depolarization-induced FM2-10 uptake.
Two images from projections of 20 consecu-
tive confocal optical sections from two neu-
rons (as in Figure 1A, most fluorescent spots
were beneath the membrane surface). The
FM2-10 uptake was induced by a 3 min expo-
sure to high-K medium in the presence or
absence of 2.5 mM Ca2.
(B) Summary of experiments similar to that in
(A), showing that the dye uptake is dependent
on depolarization but not on extracellular
Ca2. In this and all other figures, the number
associated with each column represents the
number of experiments.
(C) Simultaneous recordings of depolariza-
tion-induced changes in fluorescence inten-
sity and Cm from a neuron in Ca2-free me-
dium. The arrow indicates the beginning of
depolarization (80 to 0 mV for 5 s). The tran-
sient and small decrease of fluorescence in-
tensity during the stimulation was an artifact
due to the voltage sensitivity of the FM dye
(Neves et al., 2001).
(D) Depolarization-induced Cm signals. In 2.5
mM Ca2 (left panel), a step depolarization
(200 ms) evoked a biphasic response in Cm:
an immediate increase (Cm1, single black
arrow), followed by a small but rapid reversal
(blue arrow), and then a slow but substantial
increase. Subsequently, extracellular Ca2
was removed (right panel), and the same
stimulus applied to the same neuron evoked
CIVDS followed by the rapid reversal of Cm
(Cm2, double arrows). Cm1, Cm2, and Cm1  Cm2,
which reflects “pure” Ca2-dependent exo-
cytosis, were aligned on the stimulus onset
(inset).
(E) Averaged and normalized Cm induced by
200 ms depolarization in Ca2-free (n  21)
and Ca2-containing (n  15) media.
(F) Whole-cell dialysis with 10 mM BAPTA had
no effect on the CIVDS-RE.
induced Cm increase (Cm) due to CIVDS, followed by a (CIVDS-RE) (Figure 2D, inset). Normalized Cm traces
indicated that the rates of CIVDS-RE in the presence orgradual decrease of Cm, presumably caused by retrieval
of the added membrane (Figure 2C, lower trace). Con- absence of Ca2 were identical (Figure 2E, blue arrow),
suggesting that CIVDS-RE was not affected by the depo-comitantly, the increase of fluorescence intensity of
FM2-10 is an optical assay of CIVDS (Figure 2C, upper larization-induced Ca2 influx. Thus, the depolarization-
induced CIVDS-RE could occur under physiologicaltrace; Smith and Betz, 1996; Neves et al., 2001). These
results therefore identify a Ca2-independent rapid en- conditions in DRG neurons. We should note the quantifi-
cation of CIVDS and RE using Cm is only an estimate.docytosis that is tightly coupled to CIVDS.
Taking advantage of the high temporal resolution of The accuracy of this estimation is limited by the fact
that endocytosis may occur during the depolarization,Cm measurement, we investigated the endocytosis in
more detail. In Ca2-free medium, a step depolarization and the apparent Cm rise (exocytosis) and fall (endocyto-
sis) after the depolarization may be underestimated(200 ms) under voltage-clamped conditions induced a
rapid Cm due to CIVDS (Figure 2D, right). A reversal of (Rieke and Schwartz, 1996; Neves et al., 2001).
To determine whether CIVDS-RE is due to the releaseCm, which reflects endocytosis, occurred immediately
after the termination of depolarization and recovered of Ca2 from intracellular Ca2 stores, we performed
two experiments. First, intracellular Ca2 concentrationcompletely within a few seconds thereafter (Figure 2D,
right). In Ca2-containing medium, after the rapid rever- ([Ca2]i) was measured under the Ca2-free condition,
using fura-2 ratio imaging. We found that in the absencesal of Cm or endocytosis (Figure 2D, left, blue arrow),
the Cm increased a second time with a rate much slower of extracellular Ca2, step depolarization or repetitive
stimulation did not cause any increase in [Ca2]i at thethan the first Cm jump. This slow phase of Cm increase
was Ca2 influx dependent, since removal of external whole-cell level (see Supplemental Figure S1 at http://
www.neuron.org/cgi/content/full/42/2/225/DC1).Ca2 completely eliminated the second phase, but not
the CIVDS and the CIVDS-coupled rapid endocytosis Second, DRG neurons in Ca2-free medium were dia-
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lyzed with internal solution containing 10 mM BAPTA (a
fast Ca2 chelator), using the patch pipette. Just like
CIVDS, the CIVDS-RE in BAPTA-loaded neurons was
almost identical to that seen in control neurons (Figure
2F). Two aspects of CIVDS-RE were measured using Cm
recording. One was the decay time constant (), which
could be obtained by fitting the recovery traces after
CIVDS with a single exponential curve. The other was
the ratio of total endocytosis to maximum exocytosis
(Rend/exo). In BAPTA-loaded neurons (n  18),   1.34 
0.23 s and Rend/exo  0.88 0.06, while in control neurons
(n  20) (dialysis with internal solution containing 200
nM Ca2),   1.37  0.08 s and Rend/exo  0.93  0.02.
No significant difference was found between the two
groups (two-tailed unpaired t test). Taken together,
these two experiments suggest that almost all of the
extra membrane is rapidly retrieved whether Ca2 is
present or not.
Modulation of CIVDS-RE by Neural Activity
We next tested whether CIVDS-RE can be modulated by
the amplitude or duration of depolarization. Surprisingly,
both  and Rend/exo remained constant over a wide range
of durations or amplitudes of depolarization (Figure 3A).
On the other hand, the total endocytosis (Endototal), de-
fined as Cm decline 10 s after termination of the depolar-
ization step, was strictly dependent on exocytosis, sug-
gesting a linear coupling between exocytosis and
endocytosis in Ca2-free conditions (Figure 3B).
To provide further insights into the Ca2-independent
form of endocytosis, we compared the effects of depo-
larizing stimulation at different frequencies, which has
been shown to modulate the rate of endocytosis in nor-
Figure 3. Properties of Ca2-Indepedent CIVDS-REmal [Ca2]o(Wu and Betz, 1996; Sun et al., 2002a). In a
(A) Effects of stimulus duration and amplitude on CIVDS-RE. Rend/exovoltage-clamped cell, a 1 Hz depolarization train (15
and  plotted as a function of pulse duration (upper) and amplitudepulses) induced a Cm increase of 180 fF (Figure 4A).
(lower). There were no apparent changes in the Rend/exo and  at allSubsequently, the same cell was stimulated by a 40
pulse durations (50 ms) and amplitudes (	30 mV) tested.Hz train (15 pulses), which induced nearly the same (B) Relationship between CIVDS-RE (and ) and corresponding exo-
magnitude of exocytosis as the 1 Hz train. Remarkably, cytosis in Ca2-free medium (n  29). CIVDS-RE was measured as
the Cm following the 40 Hz train exhibited a rapid and Endototal. Note that Endototal is proportional to the exocytosis, while
 is not.much more pronounced endocytosis (see comparison
in Figure 4A, inset). To mimic physiological stimulation,
action potential waveforms rather than square pulse
the exocytosis evoked by 15–40 pulses at different fre-stimuli were applied to DRG neurons. Similar frequency
quencies was similar (Figure 4D). These results reveal aeffects on CIVDS-RE were obtained with the waveform
fundamental difference between CIVDS-RE and classicstimulation (see Supplemental Figure S2 at http://www.
endocytosis following Ca2-dependent exocytosis.neuron.org/cgi/content/full/42/2/225/DC1). The statisti-
cal analysis of normalized Cm showed that after the 40
Hz stimulation, as much as 77% 3% of the membrane Involvement of PKA in CIVDS-RE
What is the intracellular mechanism mediating CIVDS-added to the cell surface by exocytosis was retrieved
within 10 s. In contrast, only 17%  3% of the added RE? Phosphorylation has been shown to affect endocy-
tosis (Turner et al., 1999). It is therefore possible thatmembrane was retrieved after the 1 Hz stimulation (Fig-
ure 4B). Interestingly, the magnitude (but not ) of CIVDS- membrane depolarization regulates CIVDS-RE through
protein phosphorylation. In the presence of H-7 (200RE, as reflected by Rend/exo, was clearly dependent on
the stimulation frequency (Figure 4C). Previous studies M), a nonselective inhibitor of protein phosphorylation,
CIVDS-RE induced by high-frequency (40 Hz) stimula-on synaptic vesicle endocytosis at the neuromuscular
junction (NMJ) or the calyx of Held indicate that the tion was severely inhibited (Figure 5A). However, H-7
had no effect on exocytosis or on CIVDS-RE inducedendocytotic  increases with increasing stimulation fre-
quency (Wu and Betz, 1996; Sun et al., 2002a). Surpris- by low-frequency (1 Hz) stimulation. Similar results were
obtained using H89 (2M; Figure 5B), a specific inhibitoringly, the  for CIVDS-coupled endocytosis was not af-
fected by stimulation frequency (Figure 4C). The of PKA. We then activated PKA by either puffing the
DRG neurons with the adenylyl cyclase (AC) activatordifferences in endocytosis in Figures 4B and 4C were
not due to differences in preceding exocytosis, because forskolin (100 M) or incubating the cells with the cAMP
Calcium- and Dynamin-Independent Endocytosis
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Figure 4. Activity Dependence of CIVDS-RE
(A) Examples of Cm traces induced by 1 and
40 Hz stimulation. Stimulation trains of 1 and
40 Hz (15 step pulses from 80 to 0 mV for
10 ms) evoked similar CIVDS, but different
CIVDS-RE. Cm traces from (A) were realigned
on an expanded time scale shown in the inset.
(B) Averaged Cm responses to 40 pulses at
various frequencies (80 to 0 mV, 10 ms).
The arrow indicates the time when various
stimuli were applied.
(C) Change of Rend/exo, but not , with increas-
ing stimulation frequencies.
(D) Dependence of CIVDS on pulse number
and frequency. The CIVDS induced by 1–80
pulses (80 to 0 mV, 10 ms) plotted at three
stimulation frequencies (1, 10, and 100 Hz).
analog 8-Br-cAMP (100 M). Activation of the cAMP/ vate PKA in DRG neurons. Remarkably, our biochemical
experiments showed that depolarization (Figure 6A) orPKA pathway did not further enhance CIVDS-RE (as
measured by Rend/exo) induced by a 40 Hz train, which high-frequency pulse stimulation (Figure 6B) markedly
increased cellular PKA activity in DRG neurons in Ca2-presumably induced maximal PKA activation in these
cells (Figure 5B). In contrast, application of forskolin or free medium, and this enhancement was partially inhib-
ited by H89 (*p
 0.05; Figure 6A). Unlike depolarization8-Br-cAMP significantly enhanced CIVDS-RE induced
by a 1 Hz train, which may not be sufficient to activate modulation of AC (Cooper et al., 1998), this activation
of PKA was independent of extracellular Na (Figure 6A;all of the endogenous PKA. On the other hand, activation
of protein kinase C (PKC) by PMA (500 nM) or inhibition *p 
 0.05). Consistently, our Cm experiments showed
that replacing extracellular Na with N-methyl-D-glu-of PKC by staurosporine (SSP; 5 M) had no effect on
the activity-dependent endocytosis (Figure 5B). There camine (NMG) had no effect on the CIVDS-coupled en-
docytosis and its activity dependence (Figure 6C).was no change in the  of CIVDS-RE when PKA or PKC
activity was manipulated (Figure 5C). These results raise
the possibility that membrane depolarization directly ac- Independence of CIVDS-RE from Dynamin
Dynamin, a multidomain GTPase, is required for clathrin-tivates PKA, leading to CIVDS-RE in DRG neurons. Previ-
ous studies have shown that membrane depolarization dependent endocytosis, including receptor-mediated
endocytosis and Ca2-dependent synaptic vesicle en-can facilitate the activation of AC by a -adrenergic
agonist/forskolin in cerebellar granule neurons (Reddy docytosis (Artalejo et al., 1995; Wang and Linden, 2000;
Masur et al., 1990; Kosaka and Ikeda, 1983; van deret al., 1995). This effect was attributed to Na influx
rather than depolarization per se (Cooper et al., 1998). Bliek et al., 1993). To test whether CIVDS-RE requires
dynamin, we inhibited the function of endogenous dy-Since the CIVDS-RE apparently requires PKA, we tested
whether membrane depolarization could directly acti- namin in DRG neurons using several different approaches.
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Figure 5. Regulation of CIVDS-RE by PKA-
Dependent Phosphorylation
(A) Involvement of protein phosphorylation in
CIVDS-RE. Extracellular application of H-7
(200 M) for 1 min attenuated the CIVDS-RE
induced by 40 pulses at 40 Hz (n  19), but
not that induced by 40 pulses at 1 Hz (n 13).
(B) Involvement of PKA, but not PKC, in
CIVDS-RE. Activation of intracellular PKA by
8-Br-cAMP incubation (100 M, 30 min, n 
12) or by puffing forskolin (100 M, n  12)
for 3 min at 1 Hz had opposite effects to H-7,
while inhibition of PKA by H89 (2 M, 30 min)
at 40 Hz mimicked the H-7 effect (n 12, and
n  12 for control). Incubation with the PKC
activator PMA (500 nM, 10 min, n 12, and
n  8 for control) or the inhibitor Stauro-
sporine (SSP, 5 M, 15 min, n  8, and n 
6 for control) had no effect on the CIVDS-RE.
(C) Effects of various drugs on . No signifi-
cant effects on  were induced by any of
the reagents.
First, we transfected DRG neurons with the wild-type from the proline-rich domain of dynamin (dynaminPRD)
into the DRG neurons through the whole-cell recording(wild-Dy) or the dominant-negative dynamin 1a (mutant-
Dy, GTPase-deficient K44A), together with green fluo- pipette (final concentration in pipette: 250 g/ml). This
peptide, but not a scrambled control peptide (dynCON-rescence protein (EGFP). To confirm the functional ex-
pression of mutant-Dy in DRG neurons, we tested the TROL), is known to block clathrin-mediated synaptic
vesicle endocytosis (Wang and Linden, 2000). Whole-endocytosis of transferrin in transfected neurons. Trans-
ferrin is known to be taken up constitutively by dynamin- cell dialysis of either dynCONTROL or dynaminPRD had
no effect on the endocytosis induced by single-stepdependent endocytosis (van Dam and Stoorvogel,
2002). The internalization of Texas red-tagged trans- depolarization (Figure 7D). The dynaminPRD had no ef-
fect on CIVDS-RE induced by stimulation at differentferrin was severely impaired in neurons transfected with
mutant-Dy, as compared to control neurons or neurons frequencies (4 or 40 Hz; see Supplemental Figure S3 at
http://www.neuron.org/cgi/content/full/42/2/225/transfected with wild-Dy (Figures 7A and 7B). As shown
in Figure 7C, the Ca2-independent endocytosis was DC1). As a positive control, we tested whether this pep-
tide effectively blocked Ca2-dependent endocytosis invery similar in neurons expressing mutant-Dy and wild-
Dy, although both showed a faster time course than the the same cells. Following the massive Ca2-dependent
secretion (CDS) in Ca2-containing medium, a relativelynontransfected neurons, possibly due to the gene gun
transfection. Second, we dialyzed a peptide derived slow endocytosis (  25 s versus 1–2 s for CIVDS-RE)
Calcium- and Dynamin-Independent Endocytosis
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Figure 6. Depolarization-Induced Upregula-
tion of PKA Activity in the Absence of Extra-
cellular Ca2 and Na
(A) Upregulation of PKA activity by 50 mM
KCl-induced depolarization in Ca2-free me-
dium. Left panel: The increase was blocked
by H89 (20 M), but not when extracellular
Na was replaced by NMG. Right panel: sta-
tistical summary. KCl increased PKA activity
to 210%  34% and 240  38% in Na-con-
taining and Na-free medium, respectively.
When H89 was added 10 min before stimula-
tion, PKA activity was 123%  19% com-
pared to control (no KCl stimulation).
(B) Left panel: Upregulation of PKA by a total
of 600 pulses was stronger at higher stimula-
tion frequency. Right panel: Normalized PKA
activity induced at 0.5 Hz (100%  5%) was
significantly lower than that at 10 Hz (120%
7%) (p 
 0.05, n  4).
(C) In Ca2- and Na-free medium, CIVDS-RE
elicited by a step depolarization (400 ms) was
independent of extracellular Na (n  6,
Rend/exo  0.87  0.02 and   1.0  0.1 s in
Na-containing medium, Rend/exo 0.85 0.02
and   0.93  0.09 s in Na-free medium).
Extracellular Na had no effect on the activity
dependence of CIVDS-RE either (n 6). With
stimulation at 1 Hz, Rend/exo  0.50  0.07 and
  2.5  0.3 s in Na-containing medium,
and Rend/exo  0.41  0.08 and   2.6  0.3 s
in Na-free medium. With stimulation at 40
Hz, Rend/exo 0.82 0.02 and   1.5 0.1 s in
Na-containing medium, and Rend/exo  0.88
0.04 and   1.8  0.1 s in Na-free medium.
was detected by Cm recording (Figure 7E). This endocy- which is required in Ca2-dependent, clathrin-mediated
slow endocytosis (SE), is not involved in the Ca2-inde-tosis was Ca2 dependent, since it was blocked by sub-
stitution of extracellular Ca2with Ba2 (see Supplemen- pendent CIVDS-RE in DRG neurons.
tal Figure S4 at http://www.neuron.org/cgi/content/full/
42/2/225/DC1). While whole-cell dialysis with dynCON- Discussion
TROL via patch pipette for 15 min had no effect, dialysis
with dynaminPRD significantly attenuated this endocy- By means of membrane capacitance and FM fluores-
cence imaging measurements, we have identified a formtosis (Figures 7E and 7F). Thus, Ca2-dependent and
Ca2-independent endocytosis can coexist in the same of vesicle endocytosis with previously uncharacterized
properties. This endocytosis has a number of uniquecells, with completely different sensitivities to dynamin
inhibition. Finally, we used a similar approach to intro- features. First, it occurs concurrently with CIVDS and
proceeds very rapidly (  1–2 s). The tight couplingduce a peptide corresponding to the SH3 domain of
amphiphysin (AmphSH3). This peptide is known to bind between CIVDS and RE suggests a mechanistic link
between the two processes. We named this form ofthe proline-rich domain of dynamin 1 and block clathrin-
mediated endocytosis (Wang and Linden, 2000). Intracel- endocytosis CIVDS-RE. Second, it occurs in the ab-
sence of extracellular and intracellular Ca2. Third, itlular dialysis with AmphSH3 (100 g/ml) or a control
peptide had no effect on the CIVDS-RE (data not shown). does not require dynamin GTPase or clathrin-coated
pits. To our knowledge, this is the first report demonstra-Taken together, these results suggest that dynamin,
Neuron
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Figure 7. Role of Dynamin in CIVDS-RE
(A) Inhibition of transferrin endocytosis in
neurons expressing mutant-Dy. Texas red-
tagged transferrin (red) was taken up by non-
transfected DRG neurons but not by neurons
expressing mutant-Dy (asterisks), as indi-
cated by EGFP (green).
(B) Summary of transferrin endocytosis re-
sults. Relative endocytosis was quantified by
the fluorescence intensity of the Texas red-
tagged transferrin.
(C) Average traces of Cm responses induced
by depolarization (400 ms, 80 to 0 mV, indi-
cated by arrow) in wild-Dy- or mutant-Dy-
expressing neurons.
(D) Summary of the effects of mutant-Dy and
dynamin-inhibiting peptide (dynaminPRD).
(E) Effects of dynaminPRD on slow Ca2-
dependent endocytosis. Massive exocytosis
(1407  113 fF, n  23) was induced by tonic
stimulation (20 pulses of 80 to 0 mV for 100
ms at 2 Hz). Exocytosis was followed by slow
endocytosis, indicated by the dashed lines
and arrows. Rend/exo was 0.50 and 0.11, 1 and
15 min after whole-cell dialysis of dynam-
inPRD, respectively.
(F) Statistics of results from experiments simi-
lar to that shown in (E). Rend/exo was measured
at 60 s after the stimulation. The dynCON-
TROL group (n 5) was significantly different
from the dynaminPRD group (n 9, p
 0.01).
ting a dynamin-independent form of synaptic vesicle CIVDS-RE that we have uncovered here might help us to
understand the endocytotic process better. But whetherendocytosis in neurons. Finally, the CIVDS-RE is regu-
lated by neuronal activity through PKA-mediated protein endocytotic vesicles are recycled directly to the original
vesicle pool or not remains unknown, and it is also notphosphorylation. These results may help in understand-
ing the mechanisms of synaptic vesicle recycling and clear whether (at least in part) CDS and CIVDS share their
vesicle pools. Future studies should address whetherhow they are regulated.
Figure 8 is a simple model that summarizes our new CIVDS-RE occurs at synapses and contributes to synap-
tic plasticity.findings of CIVDS-RE and CIVDS, as well as known CDS-
SE and CDS. Just as for transmission at many synapses
and secretion in chromaffin cells (Ceccarelli and Hurlbut, Ca2 and Dynamin Independence
The CIVDS-RE was revealed by two independent meth-1980; Artalejo et al., 1995; Klingauf et al., 1998; Sun et
al., 2002a), following/during CDS, Ca2- and dynamin- ods. One was the rapid recovery of membrane capaci-
tance (Cm) immediately after the transient increase of Cmdependent CDS-SE occurs in DRG neurons as well.
However, following/during SNARE-dependent CIVDS induced by CIVDS. This method has an intrinsic limita-
tion in that it may underestimate stimulus-induced exo-(Zhang and Zhou, 2002), dynamin-independent CIVDS-
RE occurs to retrieve the membrane added by CIVDS, cytosis and endocytosis due to their concurrence. The
second method was the uptake of FM dye induced byand this process is modulated by PKA phosphorylation,
which is evoked by neural activity. These properties of depolarization in the absence of extracellular Ca2.
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Figure 8. A Simple Model of Exocytosis and
Endocytosis in DRG Neurons
CDS (Ca2-dependent secretion) is depen-
dent on Ca2 and SNARE. SE (slow endocyto-
sis) is dependent on Ca2 and dynamin.
CIVDS is dependent on depolarization and
SNARE. RE is dependent on PKA, which can
be activated by high-frequency firing or pro-
longed depolarization. Question marks indi-
cate speculative steps lacking direct evi-
dence.
CIVDS-RE also occurred in DRG neurons loaded with dynamin (K44A mutant), a proline-rich domain peptide
(dynaminPRD), and an amphiphysin peptide (AmphSH3).BAPTA, which completely chelates intracellular Ca2.
Although there is a debate on how Ca2 regulates endo- In all three cases, CIVDS-RE was not affected. While it
is quite clear that CIVDS-RE in DRG neurons does notcytosis, it is generally agreed that Ca2 is involved in
the process. However, in all previous studies, endocyto- require dynamin, further studies are necessary to deter-
mine whether dynamin-independent CIVDS-RE also ex-sis was tightly coupled to and preceded by Ca2-depen-
dent exocytosis. Thus, it is difficult to separate the direct ists in other types of neurons.
effect of Ca2 on endocytosis from the indirect effect
through regulation of Ca2-dependent exocytosis. In this Regulation by Neuronal Activity and PKA
It is interesting to note that CIVDS-RE is proportionalrespect, DRG neurons provide a unique opportunity to
examine the Ca2 dependence of endocytosis. Because to the firing frequency of DRG neurons. Coupling of
neuronal activity and endocytosis may serve an impor-the preceding exocytosis was independent of Ca2, we
measured endocytosis in the complete absence of Ca2. tant function in maintaining the balance of membrane
fusion and retrieval. Neuronal activity has been shownThis led to the discovery of CIVDS-RE, which would
have been difficult to reveal in normal conditions. Com- to regulate endocytosis at the neuromuscular junction
and the calyx of Held (Wu and Betz, 1996, Sun et al.,pared with classic endocytosis (Rieke and Schwartz,
1996; Smith and Neher, 1997; Engisch and Nowycky, 2002a). However, there is a major difference between
CIVDS-RE and the endocytosis in normal extracellular1998; Neves et al., 2001; Heidelberger, 2001; Beutner et
al., 2001), CIVDS-RE occurs concurrently with the CIVDS Ca2. At the NMJ and calyx synapses, higher frequency
stimulation reduces the magnitude as well as the rateand proceeds very rapidly (  1–2 s). This tight coupling
between exocytosis and endocytosis suggests that a of endocytosis. In contrast, higher frequency stimulation
increases the magnitude, which is equal to the recover-“kiss-and-run” process (Zhou et al., 1996; Ales et al.,
1999; Zenisek et al., 2002; Albillos et al., 1997; Klyachko able portion of the excess membrane caused by the
preceding CIVDS, but has no effect on the time constantand Jackson, 2002) may be responsible for the Ca2-
independent exocytosis-endocytosis coupling in DRG of CIVDS-RE in DRG neurons (Figure 4C). One possible
mechanism is that the number of endocytotic machineryneurons.
A remarkable feature of CIVDS-RE is its independence sites, which determine the RE amplitude, is increased
to retrieve more membrane. On the other hand, the ma-of the GTPase dynamin. Dynamin-independent endocy-
tosis is rare. The internalization of several receptors, chinery’s properties, which determine the RE time con-
stant, are unchanged in DRG neurons. The dramaticsuch as the AT1A angiotensin receptor, the M2 musca-
rinic receptor, and the D2 dopamine receptor, has been difference between DRG neurons and NMJ/calyx syn-
apses/chromaffin cells suggests that the mechanismsreported to occur in cells expressing dominant-negative
dynamin (Pals-Rylaarsdam et al., 1997; Vickery and von and properties of exocytosis-triggered endocytosis can
be very different, depending on specific forms of endo-Zastrow, 1999; Zhang et al., 1996). Guha and coworkers
showed that fluid-phase endocytosis, as detected by cytosis or specific types of neurons.
The CIVDS-RE may have physiological relevance forfluorescent dextran uptake or internalization of GPI-
anchored protein fused with GFP, is not affected in the two reasons. First, although CIVDS-RE was revealed
in Ca2-free medium, it is operative in normal mediumhemocytes of dynamin mutant flies (shibirets) (Guha et
al., 2003). To our knowledge, dynamin-independent syn- (Figures 2D and 2E; a prolonged pulse stimulus may be
considered equivalent to a train of short pulses at highaptic vesicle endocytosis in neurons has not been re-
ported. We used three different approaches to inhibit frequency). Second, the firing frequencies of DRG neu-
rons in vivo fall into the same range as those capabledynamin activity in DRG neurons: a dominant-negative
Neuron
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Cm, membrane conductance and series resistance. The normalizedof triggering the CIVDS-RE (Amir and Devor, 1997). Ac-
Cm traces were fitted with a single exponential curve using a built-tivity-dependent regulation of CIVDS-RE may also have
in function of the Igor software. The fitting equation is: F(t)  y0 implications for synaptic plasticity.
A · exp(t /), where t is the time after depolarization and F(t) is the
What molecular mechanism underlines the activity- values of depolarization-induced Cm changes. y0 represents Rend/exo,
dependent endocytosis? Our pharmacological and bio- and  represents the decay time constant.
chemical experiments suggest that neuronal activity
FM Dye Imaging and Field Stimulationregulates CIVDS-RE through a PKA- (but not PKC-) me-
FM2-10 was loaded into freshly isolated DRG neurons, as previouslydiated protein phosphorylation in DRG neurons (Figures
described for FM loading into nerve terminals (Angleson et al., 1999;5 and 6). It is conceivable that CIVDS-RE is potentiated
Wang et al., 2002). Briefly, neurons were stimulated by a depolarizingby PKA activators during low-frequency stimulation (1
medium containing 100 M FM2-10, 80 mM KCl, and 2 mM Ca2
Hz), which is not sufficient to activate endogenous PKA. for 3 minutes. Then cells were washed three times with Ca2-free
On the other hand, high-frequency depolarization (40 Hz) medium to remove nonspecific FM dye staining. Imaging experi-
ments used a Zeiss Confocal Laser Scanning System (LSM 510).activates endogenous PKA, leading to elevated CIVDS-
Fluorescent signals were recorded with 488 nm excitation and 505RE, which can be suppressed by PKA inhibitors.
nm narrow-bandpass filters. The confocal images were obtainedA surprising finding is that membrane depolarization
with 0.08 m/pixel at 1 Hz. The fluorescence intensity of an unla-can directly activate PKA in DRG neurons in the absence
beled neighboring area was subtracted from the fluorescence inten-
of extracellular Ca2 (Figure 6). This is quite different sities of spots. Field stimulation was delivered by a Grass Instru-
from the regulation of AC by depolarization seen in cere- ments S88 stimulator through a pipette 5–10 m in diameter,
positioned 20 m from the DRG neurons. Trains of square currentbellar granule neurons, where depolarization enhances
pulses of 25 ms duration and 100 V were applied through the pipetteforskolin-induced cAMP production, but depolarization
to evoke action potentials.alone could not activate AC (Reddy et al., 1995; Cooper
et al., 1998). Further, the increase in AC activity was due
PKA Assay
to Na influx, rather than membrane depolarization per PKA activity was determined according to the method described
se (Cooper et al., 1998). We showed that high-K treat- by Pu and coworkers (Pu et al., 2002). DRGs were rapidly dissected
ment (or high-frequency stimulation) alone activated and cut into pieces on ice in Ca2- and Mg2-free medium (145 mM
NaCl, 5 mM KCl, 10 mM HEPES, 10 mM glucose, 1 mM EGTA [pHPKA, and this effect did not require Na influx. The
7.4]). After incubation for 10 min at 37C, DRGs were stimulatedprecise mechanisms by which depolarization activates
by various drugs for 5 min or trains of field stimulation, and thenPKA remains unknown. Nevertheless, depolarization
homogenized on ice in homogenization buffer (320 mM sucrose, 0.1
and PKA-dependent CIVDS-RE represents a form of en- mM EDTA, 5 mM HEPES [pH 7.4]). The homogenate was centrifuged
docytosis with previously uncharacterized properties. at 12,000  g for 10 min at 4C. The resulting supernatant was
assayed for PKA activity using the PepTag nonradioactive PKA
assay kit (Promega, Madison, WI) as described in the PromegaExperimental Procedures
Technical Bulletin. The assay was based on changes in the net
charge of the fluorescent PKA substrates before and after phosphor-Cell Preparation and Patch Clamp Recordings
ylation. The phosphorylated species migrated toward the positiveFreshly isolated DRG neurons from 120–150 g Wistar rats (SLAC-
electrode, whereas the nonphosphorylated substrate migrated to-CAS, Shanghai) were prepared as described previously (Zhang and
ward the negative electrode. Field electrical stimulation was appliedZhou, 2002). Cells were used 1–8 hr after preparation. Only small
through a homemade lid, which contained platinum wires contacting(15–25 m, C-type) neurons without apparent processes were used.
the medium (Du et al., 2000). Each stimulation pulse (20 ms,Whole-cell recordings were performed using an EPC9/2 amplifier
100–150 V) was sufficient to elicit action potentials in DRG neuronsand Pulse software (HEKA Elektronik, Lambrecht/Pfalz, Germany).
(data not shown). Each lane was loaded with 3 g of protein.In some experiments, action potential waveforms were applied to
the cell under voltage-clamp conditions (Zhang and Zhou, 2002).
Cells were voltage-clamped at 80 mV with pipette resistances of Transfection of DRG Neurons
2–4 M. Data were analyzed with Igor software (Wavemetrics, Lake DRG neurons from postnatal day 4 (P4) rats were enzymatically
Oswego, OR). Standard external medium contained 150 mM NaCl, digested with collagenase (0.3 mg/ml; Sigma) and dispase (1.6
5 mM KCl, 2.5 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, 10 mM mg/ml; Boehringer Mannheim) in MEM (minimum essential medium)
glucose (pH 7.4). Ca2-free medium was same as the standard me- at 37C overnight. The isolated neurons were plated on coverslips
dium, except CaCl2 was removed and 1 mM EGTA was added. The coated with polylysine in culture medium (45% MEM, 45% F-12,
intracellular pipette solution contained 153 mM CsCl, 1 mM MgCl2, 10% FBS). Then the neurons were transfected using a gene gun
10 mM HEPES, 4 mM ATP (pH 7.2). All chemicals were from Sigma method (Sun et al., 2002b). For each preparation, 2 g of GFP
(St. Louis, MO), except FM2-10 (Molecular Probes, Eugene, OR). A plasmid, 4 g of wild- or mutant-Dy plasmid, 10 l CaCl2 (2.5 M),
perfusion system (RCP-2B; INBIO, Wuhan, China) with a fast ex- and 4 l spermidine (0.1 M) were added to 1 mg gold particles (0.6
change time (
100 ms) for electronic switching between seven m; Bio-Rad, Hercules, CA). The gold-plasmid suspension (20 l/
channels was used to change external medium (Zhang and Zhou, carrier) was then applied to carriers and shot into the cells with a
2002). All experiments were carried out at room temperature (22C– gene gun (Bio-Rad PDS-1000; pressure, 1100 psi). Patch clamp
25C), and data were given as mean  SEM. The significance of experiments were carried out during 1–4 days after transfection.
differences was tested using either Student’s t test or ANOVA fol-
lowed by post hoc tests (*p 
 0.05, **p 
 0.01, ***p 
 0.0001). Transferrin Internalization Assay
The use and care of animals used in this study complied with DRG neurons were incubated with Texas red-tagged transferrin (20
the guidelines of the Animal Advisory Committee at the Shanghai g/ml) in standard external medium for 30 min at 37C. After three
Institutes for Biological Sciences. washes, neurons were imaged with a Zeiss Confocal Laser Scanning
System (LSM 510) using 20 objectives. Images were collected
using 543 nm lasers with appropriate settings (long-pass 590 nm).Membrane Capacitance Measurements
The membrane capacitance was measured using the software lock-
in module of Pulse 8.30 together with an EPC9/2 amplifier (Zhang Acknowledgments
and Zhou, 2002). A 1 kHz, 40 mV peak-to-peak sinusoid was applied
around a DC holding potential of80 mV. The resulting current was We thank Drs. Gang Pei, Yong-Xing Yu, Min Jing, and Xiao-Bin Yuan
for help with the biochemical PKA assay, Drs. Shi-Gang He andanalyzed using the Lindau-Neher technique to give estimates of the
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Wen-Zhi Sun for help in gene gun transfection, Dr. Yu-Tian Wang for satory endocytosis in synaptic terminals. J. Neurosci. 21, 6467–
6474.dynamin, and Dr. Iain Bruce for critical comments on the manuscript.
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